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Abstract
A measurement of the ™ + ev branching ratio using a NaI(TR) spec-
trometer yields a value T(w+evtm+evy)/T(wruvinruvy) = (1.218+0.014)x107"%.
The result is consistent with expectations of the standard electroweak

theory incorporating electron-muon universality.

(Submitted to Physical Review D)

CERN LIBRARIES, GENEVA

CM-P00067480

I. INTRODUCTION

The w + ev decay has long been of importance to the development of
weak interaction theory. Early interest in the decay stemmed from its
role in the confirmation of the (V-A) form of the universal Fermi inter-
action. As early as 1949, Ruderman and Finkelstein! had pointed out that
a value of the branching ratio for (m + ev)/(m + uv) of about 10™ would
indicate that the pion is a pseudoscalar particle and that my, decay 1s
governed by axial vector interactions. This assumed that the electron
and the muon couple identically to the pion, an hypothesis now known as
electron-muon (e-u) universality in weak interactions. Under the assump-
tion that the weak interaction contains only vector and axial vector
terms, the branching ratio is given by

I(r + ev) m% (m - m2)2
I'(m + uv) B=AEs| Bzv

where m.c?, aﬁnn and myc? are the electron, muon and plon masses, respec-
tively, and the Ew\am helicity suppression term arises from the (V-A) form
of the interaction. In contrast, for a pure pseudoscalar interaction the
branching ratio would be Asmlstu\AEmlamvn ~ 5.4, and for other forms of
couplings, the decay would be forbidden. After some initial difficul-
ties, the decay was observed? in 1958 in agreement with the phenomenolog-
ical (V-A) theory. With the subsequent establishment of the universal
(V-A) theory, 7™ + ev decay could be examined as a sensitive test of
electron-muon universality.

In the framework of the Weinberg-Salam-Glashow (WSG) electroweak
theory, Marciano and Sirlin3 showed that the value of the w + ev

branching ratio including radiative corrections is
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beam counters Bl and B2 and stopped in the inner 3 layers of a five-
element scintillation counter target (B3-B7) at a rate of 2x10% s~l. The
inset of Fig. 1 shows the details of the stopping counter. The dimen-
sions of the scintillation counters used in the experiment are given in
Table I. The beam size at counter Bl was 2 cm X 2 cm. The muon and
positron contamination in the beam were each 10%. Pions were selected by
their range and by their time of flight (rfy) from the production

target relative to a signal derived from the 23 MHz radiofrequency of

the cyclotron which produced a ~3 ns-wide beam burst on the pion produc-
tion target every 43.4 ns. The pion stopping counters (B4, B5, and B6)
were covered on the upstream and downstream sides by 150 mg-cm~2 thick
scintillators B3 and B3A and B7 and B7A, respectively, to retain the

4.2 MeV muons from pion decays in the target volume. The scintillator
gsections B3A and B7A were viewed by the same photomultipliers as B3 and
B7, respectively. B8 was a large downstream counter used to veto beam
particles which passed through the target.

A particle stopping in one of the three inner scintillators was
defined by the logic Bl.B2.B3.B4.(B7+B8). A bit-pattern register, gated
by the stop signal was used to determine in which scintillator the pion
stopped (Fig. 2a). The range width of the stopping pions was 250 mg-cm™2
(FWHM) with approximately 30%, 60% and 10% stopping in B4, B5 and B6,
respectively. The positrons from the m + ev decay and from the n-u-e
decay chain were detected by a three element scintillator telescope (T1,
T2, T3) preceding the 46 cm diameter x 51 cm long NaI(T2) crystal TINA at
90° with respect to the beam [see Fig. 1 and Table I]. T3 limited the

positron solid angle acceptance to Aw/4m = 0.7% so that the measurements

were confined to the central portion of the NaI(T%) crystal to avoid edge
effects and to obtain the best energy resolution.

The signal for a decay positron for the m + ev experiment was a
T1l.T2.T3 coincidence. To avoid energy dependence in the event trigger
(especially at low energies) a signal from TINA was not required. As a
result, the low energy end of the TINA spectrum contained two peaks —
the zero energy pedestal and the 0.511 MeV positron annihilation gamma
ray — due to the small fraction of triggers where the positron failed
to register in the active volume of the NaI(TL) crystal. During the
early part of the experiment the decay positron detection arm also
included three multiwire proportional chambers (MWPC) whose signals were
not required in the logic. The MWPC data were used for offline analysis
of position dependent systematic effects, multiple scattering, etc.

TINA was viewed by seven RCA4522 photomultipliers. Dynode outputs
were passively added at the input of a charge sensitive preamplifier.
The preamplifier signal was amplified and shaped with a 500 ns time
constant and the pulse amplitudes were measured using a 4096 channel
analog to digital converter (ADC). The tubes viewing the TINA crystal
could be selectively removed from the analog sum to equalize gains by
adjusting high voltages. The gains of the photomultipliers were
monitored using the fitted positions of the zero energy pedestal, the
0.511 MeV annihilation line and the u+evV spectrum. For this purpose

the muon decay positron spectrum was fitted to an empirical function

F(O) a)] + a2C + a3Cc? + a,C3 %)
1 + exp[(C-ag)/ag]

where C is the channel number, a; to ag are parameters with ag
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defocussed and events were accepted with a radius of 5 cm from the
crystal axis corresponding to the acceptance of the T3 counter in the
w+ev experiment. The energy resolution at 70 MeV/c was AE/E = 3.5%
(FWHM). Over the measured energy range, the FWHM width, T, could be well
represented by
T(%) = 46.3 E70+57%5  E in MeV . (5)
The fractional number of counts in the tail portion of the line shapes
corresponding to the region of the ™ + ev peak lying below the p + evv
edge was measured at different energies. The result was characterized by
an uncertainty of 0.55% due in part to a small contamination of pions and
muons in the positron beam for the 70 and 90 MeV/c measurements.
Figure 4 shows the measured Nal response function for the 50 MeV/c case.
III. DATA REDUCTION

To produce a data set suitable for the branching ratio calculation a

number of cuts had to be applied to the raw data.
A. Stop prepileup cut

This cut eliminated those events for which there was a beam particle
within a given interval prior to the m stop which triggered the event.
Since the p lifetime is long compared to the m lifetime, increasing the
length of the protection interval reduced both the relative number of
u + evV decay events from previous 7 stops and the total number of
events. The prepileup cut chosen was 525 ns, a compromise between
maximizing the total m + ev event rate and minimizing the p + evv
events from previous pion stops.

B. Stop postpileup cut
The decays of pions which arrived at the target after the trigger

stop but within the event acceptance window distorted the shape of the

- 12 -

timing spectra. They also produced additional events in bin 2. The
probability of a beam pion appearing in the event time window following
the trigger stop was 3.5%. The bit set for additional beam pions within
%325 ns of the trigger stop was used to discriminate against stop
postpileup events. The efficiency of this cut was studied for its effect
on the branching ratio determination.
C. Event dE/dx cut

Beam pions caused emission of prompt protons via Hnon=+.vvx
reactions primarily in the Bl counter. The observed prompt proton energy
spectrum extended to about 90 MeV and these events could distort the
energy and time distribution of events. Protons were easily
distinguished by their high dE/dx compared to the minimum ionizing
positrons. The dE/dx information from the three scintillators Tl, T2 and
T3 was combined to produce a nearly gaussian energy loss spectrum using
the minimum pulse theory.l® The prompt proton cut applied in this way
was estimated to eliminate less than 0.1% of the m + ev events.

D. TINA charged particle prepileup and postpileup

Additional charged or neutral particles entering the NaI(T%) crystal
before or after the event positron caused energy resolution degradation
due to pulse pileup. The pileup cut for charged particles was derived
from the T2 scintillator covering the entire front face of the crystal.
No improvement in the resolution was noted for values of prepileup and
postpileup protection intervals larger than 1.5 ps and the cut was set at
this value. A small correction to the w+ev branching ratio which

resulted from this cut is described in Sec. IV B.



E. Gain correction

A gain correction for signals from TINA was made before obtaining an
absolute energy calibration. The relative gain of each run was calcu-
lated using the positions of the two low energy peaks fitted to Gaussians
and the p+evV energy spectrum fitted to the empirical function of
Eq. (4). The gain stability over a 2 month running period was *2%. The
energy spectra from individual runs were gain shifted to a standard gain
to produce the summed bin 1 and bin 2 energy spectra needed to obtain the
tail corrections and to calculate the branching ratio using the two bin
method. Branching ratios were also calculated for the individual runs
without gain shifting as a check of consistency and rate effects. These
were found to be in good agreement with the value obtained from the
gainshifted sum.

Gainshifted data were also used to produce timing spectra for m + ev
events above a 52.9 MeV cutoff energy and for u + evv events below
this energy. These spectra were used in the second calculation of the
branching ratio using the timing fits.

IV. DATA ANALYSIS AND RESULTS
A. Energy calibration and tail correction

Energy calibration required detailed analysis of bin 1 and bin 2
energy spectra. Figure 5(a) shows the spectrum of positron energy
deposited in the NaI(T%) crystal for bin 1 including the m + ev peak and
the § » evV spectrum. It extends to zero observed energy since the
NaI(TZ) pulse was not required in the event logic. The expanded low
energy region shown in Fig. 5(b) reveals the two low-energy peaks due to
the zero—-energy ADC pedestal and the 0.511 MeV positron annihilation

line. These two peaks were due to positrons which stopped in T3 or in

the insensitive front layer of TINA consisting of 1.6 mm of Al, 0.3 mm
CH,, and 1.6 mm of packed MgO (reflective layer). Figure 5(c) gives the
pure u + evv spectrum from bin 2.

To obtain the branching ratio the number of m~u-e events in bins 1
and 2 and the total number of W + ev events in bin 1 are required. For
the m + ev events a correction must be made for the small fraction of
events which fall under the m-y-e spectrum due to radiative processes, to
the NaI(T2) resolution function with its characteristic low energy tail,
and to energy loss for the beam-target-detector geometry. Since the tail
correction corresponded to approximately 1.5% of the total number of
™ + ev events below 51 MeV it was crucial to calculate it precisely. This
calculation relied on the detailed knowledge of the Nal line shape for
the m-ev events and on the energy calibration. Both were obtained by
using Monte Carlo generated empirical w + ev and u + evv line shapes.

Figure 6 shows the experimental m + ev bin 1 spectrum obtained by
subtracting the normalized bin 2 u + evv spectrum from bin 1. Also
shown is the fit to the data using the Monte Carlo generated m + ev line
shape. The x2 is 1.01 per degree of freedom indicating that no important
effects have been overlooked. The measured peak width of AE/E=5.5% is in
agreement with the Monte Carlo calculation. There are Ny = 3.2x10%
counts in the peak with E>51 MeV.

To determine the empirical 7 + ev Monte Carlo line shape, pions were
simulated to stop in the target according to the measured range curve
(FWHM=250 mg-cm~2 centred 60 mg-cm™2 upstream of the target center). For
the experimental geometry, m + ev decay positrons were traced from the
target to the NaI(T2) crystal allowing for w + evy inner bremsstrahlung

radiative corrections,!’? Landau energy loss fluctuations and Bhabha
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resulting false stop veto signals caused a small loss of stops and
required a correction factor of (1.0002%0.0010). Parts of the last
segment of the target (B7A lip — see Fig. 1) could intercept a fraction
of the solid angle for positrons from both m * ev and u + evV decay. At
early time (<10 ns) this could lead also to lost events due to a false
stop veto in the target. The correction for this was (1.0018%0.0017).
The effects of the pileup cuts on the branching ratio were
determined by using different sets of pileup conditions in the analysis
and from measured inefficiencies of the counters. The following effects
were included.
i) Inefficiencies in the detection of stop post pileup.
ii) A small distortion in the bin 1 and bin 2 event ratio due to
the fact that the rate of TINA pileup depended on the counter
T2 rate which varied with time after the pion stop.

1i1) A fraction of the stop post pileup signals were false because
they were generated by a stopped pion in counter B4 that
decayed into a muon which could enter the active volume of
counter B3 and trigger the post pileup logic.

The resulting overall correction factor from the pileup effects was
(0.9931%+0.0029). Finally, the uncertainty in the measured pion
lifetime?2 vy = !/A; = 26.030%0.023 ns contributed a correction
factor of 1.0000t0.0069 to the branching ratio.

Including the corrections listed in Table III the final value of the
branching ratio based on the data shown in Fig. 5 and Eq. (9) is

R = (1.218%0.014) x 107" . (10)

- 20 -

C. Branching ratio using the timing method

The second method for determining the branching ratio made use of
the data shown in the two timing spectra in Fig. 7. Events which occurred
prior to the arrival of the pion (t=0) were due to decays of muons left in
the target by previous pion stops. The time distributions included all
events in the m-p~-e energy region (Fig. 7a) and in the 7 + ev peak region
(Fig. 7b) over a wider time range than just bins 1 and 2.

The full expression used to fit the timing spectra included a muon
contamination in the pion beam and small corrections to account for the
effects of the pileup circuitry. The function for events below E; =

52.9 MeV due mostly to the w-p-e decay chain was:

frpe(t) = N ¢AnVA:.IBINVc0AnV + Nv»amlyin + Q.w»:mlrtﬂv

8
- O(t-tp) *%2¢(t-tp) + I g 0(t-trgn)é(t-t gn)og
n#0
+ a e Mt (11)

The expression for m + ev decay events above the cutoff energy E. was:

fre(t) = N 23?.c-z:m-:n:_ﬁcv

8

+ aw.w.zmlm oﬁnunnm=v»=m

n#0
ly:n

“Ap(t=t en)
+ aghpe . Q12)
where 8(t)=0 for t<0 ns and 6(t)=1 otherwise.

Here N is the total number of pion decays, R the branching ratio to
be determined and the function ¢(t) describes the sequential m-u—-e decay

chain time distribution,



SuT3373 943 uo aduspuadop 2yl °*%I°0 SeM SWIISIFT uold PIXIJ pue 2313

YiTM 8373 9yl uo9MIAq OTIea Suyduelq dY3 JO SDUBIIFIITIP YL °1000°0 = €o

03 po8iaauod dnayyd dois 9sTe3j gg 2yl usym posuaddey YoTym y%%°Q sem

ojiea Suryoueaq a3yl JO UOJIEBTIBA WNWIXBW JY] °SITJ 9yl uf d2913J 198 OSTE
219M sadjoweaed paxTJ TeIaAd8 €S3093J2 OFIrwWOISAs Jo Lpnis 3yl ul

*ojiex Sujyoueaq 8yl UF %E°0 JO 2SEAIOUT uUR 03 PO Jusuodmod sTY3

JO UOTIONPOIJUY BYJ °uUMOUNUN ST IIPUTeWdI 3Yl JO dDINOS JYJ *UOFIVII1I0D

dnaTyd YNIL @43 wWoaJ 103 pajunodde aq pInod 3IF JOo Y0z 3INOQe pue

‘punoj sem aouapuadap awyl 8Tyl Yiym juauodwod JuedTITulys ATTEOTISTIELIS

ang [{ews V °*Su0TI021302 dnayFd YNIJ WOAJ I2pPi0 PuOdIIS U ISFae

aouspuadop 2WIl STYI YITM Swid] °punoidioeq TEUOTITPPE Se PIadNpPoiIIUf Sem
aMyz-® oouapuadap SwWTI YITM wWad33 B °S83D333J2 OJIewalsLs ajewjliss o]

°AI Tqel uy papnyduf

21e pue ad33uweaed yoes Sujlaea Aq pajlewlsd 219M sidjlasweaed paxyy

@Yyl uf SITIUFLIASOUN 03 ONp six0axy °sa[d7Iaed Jusapyoul wopuea Jujaey

Jo A31771qeqoad 8yl pue SIOIBTTFIUTIOS 3yl Jo ADUITDIIJOUT painsesm 9yl jJo

3onpoad ® ST YOTYM 4Z000°0 I® 398 SeM Ep UOTIO91100 AdusFofiyour dnarid

do3s 3yl pue ¢/400°0- I® PIXTJ sem ’p uoj3Ioai10d dnayid dois 9sTe3 £g Y3

‘sysATeur a31eaedes uo poseg °sjuaAd pasATeue 9yl 103 sa3TOFIaed JuapyouUT

a2yl jo wnildads JOI @Yl WOIJ %¢°0> JO UOTILPWIISD UR UO PIseq 019z oq 03

398 ses ‘lo ‘weeq 2yl uy uojIEUTWEIUOD N Byl woaj Suisyae epnifrdue ayy

*sysAteue adeys SuT 9yl WOIJ PIUTWIAISP S TZO°Q IE 198 SBM °F MOTaq

SJUdA® Ad+1 103 d UOTIDA110D TFEI 9YL °*A[aATIDadSaa ‘su geyE1Z Pue su

€0°9Z 3O sanyea vvumouum £T3ud1and 9y3 e 398 2I19M SIWIIIIFT f pue u oYy

*(21) pue (11) °ba uy 3 103 93-3 Bupoerdaa £q peONPOIIUT SBM YOITyM

AOuv Wyl 019z 9yl pue ‘°F aA0oqe SIuaAd 3-f-u Jo b uoyioeay aya ‘y oyjea

Suyyoueaq ayi *So pue "o swisa Aeosp uonum 2yl ‘N sjuaa® £eddp 1 JOo Iaqunu

-2 -

2yl 2a9m siolsweaed 9913 ¢z  LINNIR ‘wea8oad Suylayy ® Bufsn L[snos
-ue3TNWIS PIIIFJ 2I9M SIUSAD A9-u pue d-f-u Jo ealdoads Sujwil Byl
*[g AT uOT3IO9S SUOTIVBII0D

dnayyd @9g] csuonm 3aya ao3z ( 9€0°0+1) SeMm 1030®BJ UOFIDA110D

3fy-
ayl *s3jusuodwod d-ri-u pPUB A3 « L Y3l 103 Au=<|o¢oo.0|~v Jo 103doey
uo0}31921100 ' paarnbaa dnayid yNIJ JO 2399332 Iyl .w=u pue 0:=w 03 pearidde
¢9s5TMI9YI0 000°T = (I)Y pue su 7 > 3 > Su /- I0J 666°0 = (I)U ST 03aa dyy
V/9 9yl WOAJ WIS] UOTIDBII0D SATIBDTTdII[nm aYyJ °ea3oads dUWII Ad « L
pPue 9-f-u Yloq OJUT POONPOIIJUT 219M UOFIOBa102 dnayfd YNIL pue (033a
dI7 v/4) 29 393unod jJo 38pa 3yl £q pa031dA ATIVB1JI0OUT SIUDAD wWoaJ Sufsiae

(Z1 pue 11 °bd uy peledIpul Jou) SUOTIDAI10D JTEWS OM] ‘UOTIFPPE Ul
*(V 111
*09g) su ¢z¢ 3o Ind dnayjd-sad syl ax03jaq Sujddols suofd snojaaad woay
sAeosp uonum 103 pajunodde smial So pue Yo ayy -3jaede su yegy = I
paoeds s97124> ja juanbasqns a3yl uy suojd weaq 103 LI13TNOaFO

dna1yd do3s aya jo Adua}dF3FIaUT 8Yl 103J pajunodde €o Ui smial ayj
*su g7 ~ hu,mmz ssadoxd syTy3
103 awyl 3utaa88yaisa 3yl +dneyid doils asTey e pesned pue gg uf Sujddols
suonm 03 Aed9p PINOD 4g I193unod ay3l uj sdois suofd ayi jo °n uoyioeay

V °suojllouny 3uy3llTI Syl uy poOpniouf ATIFOTTdXa 9a9M 83109339 dnaTld
*meaq @Yyl uf jusuodwod uonw 3yl 10J Pajuncdde 'n iajswmeaed oyl
.Auvw=u uoflIOUNJ SYy3 U POPNTOUT 3q 03 °F SA0QE SIUIAD d-A-u JO b uworioeaz
® pasned uwnijdads K8isus 3yl uj s30933° dnoyTd pue uoliInTosal ‘ATaeTIwES
.Auvw==u uoI3ouny a3yl uy PIpNIOUF 3q 03 °OF MOT3q SIUNOD A + U

ay3 jo d uoyioeay e pasned uoylduny asuodsaa (¥I)IEN @Yl Jo [Iel 9yl

My-ty
n«:«

GQuy=® = 41, 2) = ()¢



- 23 =

region was studied by varying the regions for the fit. This resulted in
an uncertainty of 0.3% in the branching ratio. Close inspection of

Fig. 7(a) shows an anomalous distortion in the time region near 120 ns.
The difference between the values of R calculated including and excluding
the anomalous distortion (wiggle) region was about 0.1%. The Xx2/DF was
1.6 when the wiggles were in the fit and 1.2 when they were excluded. An
uncorrected branching ratio of (1.231%0.007)x10™% was obtained when the
fitting region was from -130 ns to 180 ns excluding the time zero region
(=40 ns to ~5 ns) and the definite wiggle regions.

In addition to the fitting procedure certain of the multiplicative
corrections determined for the two bin method (section IV B) must be
applied to the result. The corrections applicable, listed in Table IV
are low energy m-u-e trigger losses, pion-muon solid angle difference,
m+uv decay false veto in the target, multiple scattering and positron
annihilation. Including all the above corrections, the branching ratio
determined from the timing method is

R = (1.219%0.014)x10™% (14)
and is consistent with the result of Eq. (10).
D. Pion lifetime

During the validity test of the expression for the timing fit, a
pilon lifetime was deduced from the same spectrum that was used in the
study of the branching ratio. When the pion lifetime was left as a free
parameter in the fit a value of 26.10%0.05 ns including only a statis-
tical error, was obtained in good agreement with the currently accepted
value?? of 26.030+0.023 ns. This helps to confirm the validity of the
fitting expression. To estimate the systematic uncertainties in this

number, the effect of uncertainties in the other parameters was studied

- 24 -

by varying their values. Since the timing spectrum around to (v stop)
was disturbed by the introduction of pileup cuts (a typical example is
the B3 stop pileup), there seems to be a slight dependence on the fitting
region. This was also true in the determination of the branching ratio
as mentioned in the previous section. The uncertainty due to different
fitting regions was estimated to be 0.11 ns from the fits for different
regions. The error from the uncertainty of the B3 false pileup was 0.04
ns. The contributions from other fixed parameters, such as the muon
contamination in the beam, were negligible. The pion lifetime obtained
by combining these uncertainties in quadrature is 26.10%*0.13 ns.
V. CONCLUSIONS

The result for the branching ratio of Eq. (10) (or Eq. (14)) is in
good agreement with the predictions of the standard model of weak and
electromagnetic interactions with the assumption of electron-muon
universality. A quantitative test of universality can be obtained by

writing Eq. (1) as
R = 1.233(£5/£4)2x107™* = (1.218+0.014)x10™% (14)

where mm is the pion decay constant. Then

£,8/£," = 0.9939:0.0057 15)

where a value of unity corresponds to perfect universality. This test of
e~y universality is unaffected by the uncertainty in the 7 + ev branching
ratio due to pion structure dependent effects.2%

The branching ratio is very sensitive to the contribution of a
pseudoscalar coupling to my, decay because decays via this mechanism are
not helicity-suppressed. The resulting limit on the pseudoscalar

coupling contributing to the Ty, decay is
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pion weak form factors. At present, there are two possible experimen-

tal values of h, -2.36%0.12 and 0.44%*0.12. For h=-2.36 the theoretical

expectation of Eq. (1) would become R = 1.238x10""* and the exper-

theory
imental result would be increased to meu = (1.223%0.014)x10~% to take

account of unobserved events with wm < 51 MeV due to the structure

- 28 -

dependent radiation. For h=0.44, R = 1.234x10™% and

theory

wmxv = (1.218%0.014)x10™". Thus the difference between the theory and

the experiment remains unaltered.
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Table IIIL

Multiplicative corrections to m + ev branching ratio

obtained by the two bin method

m + ev tail

Low—-energy u + evv

Multiple Coulomb scattering
Positron annihilation

Bin 1 and bin 2 equality

Pileup correction

Pion lifetime

Pion~muon solid angle difference
m-u decay false veto in target

Positron false veto in target (B7 1lip)

1.0147%0.0075
0.9982+0.0005
0.9977+0.0040
0.9959+0.0010
0.9989+0.0004
0.9931+0.0029
1.0000£0.0009
0.9986+0.0011
1.0002%0.0010

1.0018+0.0017

- 32

Table IV

Corrections and Uncertainties for mev Branching Ratio
Determination from Time Spectra

Fixed Parameters in fit

Tail correction p

p contamination in beam, a;

B3 false stop pileup, a,

Stop pileup inefficiency, ag

Positron false veto in target (B7 1lip)

TINA pileup

Multiplicative Corrections to R

Low energy u + evv loss
Pion-muon solid angle difference
n+uv decay false veto in target
Multiple Coulomb scattering
Positron annihilation

Fitting Procedure

Anomalous distortion at ~120 ns
Fitting region included
Unknown background

Magnitude

0.021

0.00
-0.00475

0.00024

0.999, (-7<t<7)ns
H.ooo.A-NMwwwvam
1-0.004e~*ut
(m-u—-e,ne)
H+o.cumnm=nn
(muons)

0.9982
0.9986
1.0002
0.9977
0.9959

Corresponding

Uncertainty
in R

*0.75%
+0.067%
+0.3%

<0.1%

<0.1%

10.06%



-
a. EVENT TIME DISTRIBUTION

m -+ ev Events

T, = 26 ns 300004
[}
7 stop| 10 20000
] - 50 Mev et BEAM a)
] Ty T2 8 10000 -
| -
" <+ u - e Events o 7\\
<6 L (FwHM) ” o T
c)
b. TIMING LOGIC SEQUENCE .clv (5.0t 02 VNoV — £ 30000
t £ stop w 4 w
o © 20000
© 2
) »la Vi >
‘ucmannov prepileup| 5us stop post pileup b 10000 -
inspection inspection L | N \
—/ ——— 10 20 30 a0 50 O Tr—T—T 71T T T
_ event gate
160 ns 25 ns 230 ns TINA ENERGY A2ﬁ<v O 10 20 30 40 50 60 70
—LJ Bin st ENERGY (MeV)
g - 3ns nm - gates
17385 o
Fig. 4 .
Event 8 Huu.m -3
- —>la a >
5us TINA prepileup Sus .:zbu\vonnv»u!.v e T - . " . . .
inspection inspection 200000 — i
(a)
Fig. 3 150000 -
100000 — -
-
—M 50000 — -
1600 — I I | | | T ] z
<
e 04 T T T T T T
r/v -150-100-50 ©O 50 100 IS0 200
1200 — — .Ql. TIME (NS)
z T T T T
] - -
800 — . 3 1200
© (b)
2 900 — -
z —
S 400 = 600~ -
o
c .
0—* 300 .
o
_ _ ! ! ! I _ I -150 D.MOIQ_O n_v u_o _n_vo _MO 200
50 54 58 62 66 70 E ( )
: TIM NS
ENERGY ( MeV)
Fig.6 Fig. 7



¢ *3814

3uaazg jo sn Sz UTYITA

Tl uf safdylaeq | dy¥07]
andtyd (A1
8,04l — VNIL
IudAgz Iuaag
doas u
Jo sn ¢¥ uryiga
s3roj3laed weag
314 nd dois [——dois u
21801 (4N
$,041 —Hnarrd
doag
[%:1
14

JI207 dn3TId °°

aley 4

auwyl 3juaag

(su 00%)
dois apyy

STYNDIS
VNIL

JID0T IN3IAT °q

3qoi3s €q
4

13181331
q 19

dois

a3y

JIV0T dois ‘e

1 814

—el

21

eccsccscecvoe
ecssccscsscsccsscoe
.

F L cececcccsseccccsens

o
am

GI3AHHS 1318

*elEp 9yl 031 SITJ 21® SIUFT PIIOS °*°F 2a0qe

S3U2A® (q PUB AN 6°ZG="F MOT2q SIUIA2 (B 103 UOTINQTIISTP AmL
*adeys auyy po3leiauad OTIB) 2IUOK Y3 YITM DUTT AD « & 9yl 03 ITJ
°C UTd UF §3udA? 103 wnildads LB3isue uoalysog (o

*1 ulg 103 uor8ai1 ABi19us Moy 9T®O8 papuedxy (q

°1 UTE UT S§3u3Aad 103 wni3dads LB1dua uoalysog (e

‘uorleTFYIuuEe uoalysod se TTaM se TEISKID YNIL

3Yy3l JOo Juoly uf 13Le] PATITSUISUT dY3 PUB SIOIBTTTIUIOS WEIQ 9yl
Uy ssOT A312ud £q pauywiIaIaP ST (ASK z°/%) Aeed ay3 3o uoiiysod ayg
‘weaq @ APH 0§ 103 VNIL Te3Is£1d (¥1)IeN 9yl uj adeys aujy paansesy
*do3s uold 3y3 03 303dsaa yYyilfm JusAd 103 9duanbas awyl 93807 (q
*do3s uord sy3 031 392ds31 YITM UOTINQTIISTP BWFI Juaag (e

*291807 dnayyd (o pue ‘01801 Jusaad (q ‘of8071 dols (e 3o dfF3eWaYDS
*(39suy) (9-€€

Yotmpues 13junod 3ujyddois syl jo syyelap yiym dn-3as yejusmyaadxy

suoyide) ain8y4

(L]
[9]

_F_

[%]

(€]
(2]

(1]



